STRUCTURAL  DEVELOPMENT  OF  MICRO -STRUCTURALLY 
TOUGHENED  METAL  MATRIX  COMPOSITES 


Technical  Final  Report 
MSC  TFR  2111/8602 
July,  1990 


Prepared  for: 

Office  of  Naval  Research 
£00  North  Ouincv  Street 
A  r  1  i  n  g  t  o  r. .  V  A  2  2  2 1  ~  -  5  '■  1 0 

Contract  Number  N00014 - S9-C-021 1 

Phase  I  Small  Business  Innovative  Research  Program 
Strategic  Defer.se  Initiative  Organization 
Office  of  Innovative  Science  &  Technology 


90  0  2  3^  03-5 

030  Harvest  Dove.  Union  Meeting  Corporate  Center  Blue  Bell,  PA  1  9422 
Tel:  215-542-8400  Fax:  215-542  8401 


REPORT  DOCUMENTATION  PAGE 


lb  RESTRICTIVE  MARKINGS 


form  Approved 

OMB  No.  0104-0 lit 


la  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 

2a  SECURITY  CLASSIFICATION  AUTHORITY 

N/A 

2b  DECLASSIFICATION / DOWNGRADING  SCHEDULE 

::  'A 

4  PERFORMING  ORGANIZATION  REPORT  NUMB£R{S> 

:'.SC  TFR  2111/8602 

6a  NAME  OF  PERFORMING  ORGANIZATION 

6b  OFFICE  SYMBOL 

Materials  Sciences  Corporation 

^ipplicible) 

6c  ADDRESS  (City,  Stitt,  tnd  HP  Code) 

930  Harvest  Drive,  Suite  300 

Blue  Bell,  PA  19422 

8a.  NAME  OF  FUNDING  /SPONSORING 

8b  OFFICE  SYMBOL 

ORGANIZATION  Strategic  Defense 

(If  ippllctbie) 

Initiative  Organization 

* 

8c  AOORESS  (Crty,  Stite.  tnd  ZIP  Code) 

■ 

The  Pentagon 

Washington,  DC  20301-7100 

3  DISTRIBUTION /AVAICAilllTY  Of  REPORT 


S  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


7*.  NAME  Of  MONITORING  ORGANIZATION 

Office  of  Naval  Research 


7b  ADDRESS  (City,  Stitt,  tnd  ZIP  Code) 

Department  of  the  Navy 
800  North  Quincy  Street 
Arlington,  VA  22217 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMI 

N00014-89-C-0210 


10  SOURCE  Of  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO. 


1 1 .  TITLE  (Include  Security  Cissificttion) 

Structural  Development  of  Micro-Structurally  Toughened  Metal  Matrix  Composites 


12  PERSONAL  AUTHOR(S) 

Edward  C.J.  Wung  and  Kent  W.  Buesking 


11«  TYPE  OF  REPORT  |13b  TIME  COVERED  114.  DATE  OF  REPORT  (Yetr,  Month,  Dty)  IlS.  PAGE  COUNT 

Final  Report  I  FROM  89SEP01  tq90JUN30|  90JUN30  I  69 


16  SUPPLEMENTARY  NOTATION 


COSATI  CODES 


GROUP  SUB-GROUP 


19.  ABSTRACT  ( Continue  on  reverse  if  necessity  tnd  identify  by  block  number)  This  study  addressed  the  development 
cf  a  new  class  of  discontinuously  reinforced  metals  that  possess  substantially  improved 
damage  tolerance  relative  to  the  currently  available  materials.  The  novelty  is  to  allow 
specially  designed  toughening  mechanisms  to  be  operative  in  the  composites.  Technical 
effort  of  this  study  focused  on  developing  a  fundamental  understanding  of  the  toughening 
mechanisms  at  the  micromechanics  level,  and  identifying  possible  SDI  structural  components 
that  can  be  improved  through  the  use  of  this  material.  This  goal  was  achieved  by  the 
development  of  two  micromechanical  material  models.  The  first  model  addressed  the  stress- 
drain  constitutive  modeling,  and  the  second  model  addressed  the  modeling  of  iracture 
t.ughness  of  the  new  composites.  Vlodeling  and  data  correlation  studies  have  suggested 
several  guidelines  for  material  strength  design  as  well  as  fer  toughness  design. 

A  submarine  hull  and  an  aircraft  lower  longeron  were  selected  as  candidate  structural 
components  that  might  be  improved  through  the  use  of  this  new  material.  A  preliminary 
design  of  the  longeron  was  performed  to  demonstrate  a  design  methodology  for  tr.ese  new 
: . -rosites . 


20  DISTRIBUTION  / AVAILA8HITY  OF  A8STRACT 
B  UNCLASSIFIED/UNLIMITED  □  SAME  AS  RPT  Q  OTIC  USERS 


2 2*  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Ir,  Steven  G .  Fishman 


00  Form  1473,  JUN  86  Previous  editions  trt  obsolete  security  Classification  of  this  page 


21  ABSTRACT  SECURITY  CLASSIFICATION 
UNCLASSIFIED 


22b  TELEPHONE  (Include  Aret  Code)  22c  OFFICE  SYMBOL 

(202)  652-0285  1131:; 


SECURITY  CLASSIFICATION  Qf  THIS  RAGE 
UNCLASSIFIED 


1 


PREFACE 


This  report  presents  the  results  of  a  studv  performed  under  the  Strategic 
Defense  Initiative  Organization  (SDIO; ,  Contract  N00014- 14 - 89-C-0210 ,  during 
the  period  of  September  1,  1989  through  June  30,  1990.  The  program  was  funded 
as  a  Phase  I  Small  Business  Innovative  Research  Contract.  The  program  manager 
for  Materials  Sciences  Corporation  (MSC)  was  Mr.  Kent  V.  Buesking.  The 
principal  investigator  for  MSC  was  Dr.  Edward  C.J.  Wung.  Mr.  Dave  Dive^ha  of 
Kauai  Surface  Weapons  Center  (NSWC)  served  as  Che  Technical  Monitor  for  the 
cor. tract . 


Approved  by: 


STATEMENT  "A" 
ONR/Code  1131 
TELECOM 


per  Dr .  Steven  Fishman 
8/27/90 


INTRODUCTION . 1 

CPU  ECTIVES . 3 

APPROACH  . 4 

Scress  -  Strain  Constitutive  Modeling . 4 

Analysis  of  Laminated  MT  Composites . 9 

Modeling  of  Impact  Damage  and  Work  of  Fracture .  10 

Structural  Component  Selection . 15 

RESULTS . 18 

Material  Properties . 18 

Stress  -  Strain  Constitutive  Relations . 18 

Laminated  MT  Composites . 20 

Analyses  of  Impact  Damage  and  Work  of  Fracture . 21 

Optimization  of  Impact  Damage  Resistance . 23 

Preliminary  Component  Design . 24 

CONCLUSIONS  AND  RECOMMENDATIONS . 27 

REFERENCES . 29 

T.ASLES . 31 

FI  I-URES . 36 

APPENDIX  -  Thermoplastic  Response  of  a  Homogeneous  Solid . 62 


INTRODUCTION 


t. 


Discontinuously  reinforced  metals  are  a  class  of  composites  which  have 
v i messed  extensive  development  over  the  past  several  years  [1-4].  Most  of  the 
research  has  focused  on  the  development  of  silicon  carbide  (SiC)  particulate 
reinforced  aluminum  alloys,  but  reinforced  magnesium,  titanium  and  nickel  based 
superalloys  are  also  receiving  attention.  Although  the  discontinuously 
reinforced  metal  matrix  composites  exhibit  some  favorable  attributes  such  as 
the  enhanced  stiffness  and  reduced  CTE,  their  one  principal  drawback  is  the 
substantially  reduced  damage  tolerance  relative  to  the  matrix  material. 

A  novel  fabrication  approach  that  introduced  a  toughening  mechanism  into 
the  discontinuously  reinforced  metals  has  been  developed  recently  at  United 
Technologies  Research  Center  (UTRC)  [5],  A  schematic  microstructure  of  such  a 
"nicrostructurally  toughened"  (MT)  composite  is  shown  in  Figure  1.  The  energy 
absorption  capability  of  the  MT  composites  is  enhanced  by  the  following  two 
mechanisms.  First,  when  cracks  encounter  interfacial  areas  between  the 
reinforced  and  toughening  regions,  debonding  at  the  interface  can  result  in 
crack  tip  blunting.  Second,  the  inherently  higher  energy  absorption  capability 
of  the  toughening  region  inhibits  crack  propagation. 

A  MT  composite  consisting  of  silicon  carbide  particulate  reinforced  6061 
aluminum,  with  either  aluminum  or  titanium  tubings  as  the  toughening  region 
material  was  selected  as  a  model  system  to  evaluate  the  merits  of  the 
toughening  approach.  Note  that  the  MT  composite  system  with  aluminum  tubings 
as  the  toughening  region  material  has  been  shown  to  have  a  fracture  toughness 
ranging  frcm  5  to  12  ft-lbs,  as  compared  to  0.8  ft-lbs  for  the  particulate 
reinforced  material  without  toughening  mechanism  [5], 

The  primary  goal  of  this  study  was  to  support  the  ongoing  development  of 
the  MT  composites  at  UTRC  through  better  understanding  of  the  merits  of  the 
toughening  mechanism  at  the  micromechanics  level,  and  to  develop  a  design 
methodology  for  MT  composites  that  can  take  full  advantage  of  the  unique 
characteristics  of  these  materials.  This  goal  was  met  bv:  compiling  a  design 
database  of  MT  composite  material  properties;  analyzing  the  material  properties 
using  micromechanical  and  composite  material  models  to  understand  the  measured 
m  aterial  stress- strain  behavior  and  impact  damage  resistav.oe  ;  reviewing  SDI 


1 


components,  and 


structural  components  and  requirements  to  select  attractive 
developing  preliminary  material  and  structural  designs. 


OBJECTIVES 


The  MT  composites  developed  recentlv  at  L'TRC  have  successful Iv 
demonstrated  that  the  fracture  toughness  of  the  discontinuous^/  reinforced 
metals  can  be  greatly  improved  if  certain  toughening  mechanisms  can  be 
introduced  into  the  material  microstructures  [5].  The  primary  goal  of  this 
study  was  to  support  the  ongoing  development  of  the  MT  composites  through 
better  understanding  of  the  merits  of  the  toughening  mechanism  at  the 
micromechanics  level,  and  to  develop  a  design  methodology  for  SDI  structural 
applications  that  car  take  full  advantage  of  the  unique  characteristics  of  MT 
composites  . 

The  goal  was  achieved  by  the  development  of  two  micromechanical  material 
models.  The  first  model  addresses  the  s tress  -  strain  constitutive  modeling  of 
MT  composites  based  upon  the  material  properties  and  volume  fractions  of  the 
constituents.  No  considerations  regarding  geometric  shapes  and  dimensions  of 
the  toughening  region  were  given  in  this  model.  The  model  was  used  strictly  to 
predict  the  material  stiffness  or  compliance  matrix  which  was  required  for 
stress  analysis  of  structural  components  made  of  MT  composites. 

It  was  well  documented  in  [5]  that  while  the  actual  dimensions  and  shape 
of  the  toughening  region  rarely  affected  the  stress  -  strain  behavior  of  MT 
comnosites,  they  did  influence  the  ability  of  the  composites  to  withstand 
impact  damage.  Therefore,  a  second  model  was  developed  to  address  the 
possibility  of  predicting  the  fracture  toughness  of  the  MT  composites  by  taking 
the  geometric  factors  into  account. 

A  submarine  hull  and  an  aircraft  longeron  were  identified  in  this  study  as 
possible  components  that  can  be  improved  through  the  use  of  MT  composites.  A 
preliminary  design  of  the  aircraft  longeron  was  performed  to  demonstrate  a 
design  methodology  for  MT  composites. 


APPROACH 


Evidence  in  UTRC  testing  results  suggested  that  the  1  cess  -  s  tra  i  n  behavior 
and  the  impact  damage  absorption  capability  of  the  MT  com:  :  1  tes  were  governed 
bv  different  sets  of  material  and  geometric  variables.  Therefore,  two 
micromechanical  models  were  developed  to  study  these  two  phenomena  separately. 
The  stress  -  strain  model  was  further  incorporated  into  an  existing  MSC  computer 
code  "EPLAM"  which  was  developed  earlier  by  MSC  staff  for  elastoplastic 
incremental  laminate  analysis  [6],  This  revised  analysis  fives  us  the  ability 
to  deal  with  laminated  MT  composites  which  is  expected  to  he  an  important  step 
in  the  future  material  development.  The  theoretical  basis  for  the  models  are 
discussed  in  the  following  sections.  A  description  of  the  structural  component 
selection  is  also  incluued. 

STRESS -STRAIN  CONSTITUTIVE  MODELING 

From  a  microstructural  standpoint,  the  MT  composites  can  be  treated  as 
continuous  fiber  reinforced  composites,  with  the  reinforced  regions  being 
analogous  to  the  fibers  (fig.  2).  Two  existing  material  models,  composite 
cylinders  assemblage  model  (CCA)  [7],  and  vanishing  fiber  diameter  model  (VFD) 
have  been  applied  successfully  to  describe  elastoplastic  behaviors  of 
fiber  reinforced  metal  matrix  composites.  However,  our  past  modeling 
experience  indicated  that  CCA  model  might  not  be  suitable  tor  evaluating  MT 
composite  properties.  The  reason  being  CCA  model  always  ir.poses  a  perfect 
bending  between  constituent  phases  while  MT  composite  properties  are  strongly 
affected  by  the  bonding  strength  of  the  interface  which  cculd  be  rather  low  in 
practice.  Of  course,  a  modified  three-phase  CCA  model  with  the  interface 
region  being  the  3rd  phase  can  be  constructed  [9],  However,  the  mathematical 
ccrplexity  of  this  new  model  is  beyond  the  scope  of  our  current  studv. 

Due  to  this  consideration,  VFD  model  was  chosen  for  the  purpose  of  stress- 
strain  modeling.  It  should  be  noted  that  we  also  recognised  the  fact  that  VFD 
m:t.~l  always  assumes  uniform  transverse  stress  distributer,  in  the  phases,  and 
s':  is  is  not  suitable  for  modeling  MT  composites  either.  hrever,  the 
i  "plicitv  of  the  model  and  the  fact  that  the  model  generally  gives  very 


U 


:  j  irate  prediction  in  axial  stress-strain  response  make  7FD  model  a  desirable 
ch:ice  for  initial  material  modeling. 

The  existing  formulation  for  VFD  model  in  reference  8  was  derived  for 
r.:  deling  fibrous  composites  with  elastic  fibers  embedded  in  ductile  metal 
matrix,  and  the  materials  were  exposed  to  pure  mechanical  loads.  Since  the 
reinforced  region  of  MT  composites,  which  was  to  be  modeled  as  fibers,  could  be 
ductile  in  general;  therefore,  analytical  effort  was  required  to  extend  the 
existing  VFD  model  to  account  for  the  presence  of  ductile  fibers.  In  addition, 
tc  analyze  MT  composites  for  high  temperature  applications,  the  modeling  should 
also  include  thermal  effects.  The  mathematical  formulation  of  this  extended 
Vr:  model  will  be  described  next. 

VFD  model  assumes  the  following  equilibrium  and  compatibility  equations: 


do .  .  = 

■  do<f>  - 

do<m) 

for 

ij  *  11, 

(1) 

ij 

dun  . 

,  (m) 

=  c  do ,  , 
m  1  1 
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(f) 

i  i  > 

(2) 

de  .  .  ■ 
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m  ij 

+  c^-de 

(f) 

ij 

for  ij  *  11, 

(3) 

d«u  1 

,  (m) 
Q€  11  • 

(4) 

dc  .  .  and  de„  are  the  uniform  stress  and  strain  increments  applied  to  the 

composite.  The  index  (f)  or  (m)  is  used  to  denote  fiber  or  matrix  related 

quantities.  c,  and  c  are  volume  fractions  of  the  phases  such  that  c,  +  c 
f  m  f  m 

1.  Fibers  are  assumed  to  be  aligned  along  x, -  direction  and  x;  a^d  x^  am  the 
transverse  directions. 

As  a  step  beyond  the  scope  of  existing  VFD  model,  both  fiber  and  matrix 
materials  are  assumed  to  be  elastically  isotropic  materials  which  obey  Mises 
yield  condition  and  Ziegler's  kinematic  hardening  rule  during  plastic 
it formation  [10].  To  account  for  the  thermal  effects,  we  further  assume  that 
*;•  •  elastic  properties,  as  we  1 1  as  the  yield  stresses  of  both  constituents,  are 
t t  ■ t era  Cure  dependent.  Under  such  circumstances,  the  instantaneous 
'  tmorrechanical  responses  of  the  constituents  are  described  by 
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<r  =  f  for  fibers,  in  for  matrix)  , 
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The  definitions  of  the  variables  which  appeared  in  the  above  equations  are: 


£  =  i  «  i  f  2  «  3  £  4  £  s  £  6  J 
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M  =  Elastic  compliance  at  final  temperature 


M  =  Elastic  compliance  at  starting  temperature. 


a  =  Stresses  at  starting  point. 

£  s 

6  =  Change  in  free  thermal  expansion  from  starting 

temperature  to  final  temperature, 


=  Total  plastic  strain  increment. 


=  Plastic  compliance. 


=  Plastic  strain  increment  due  to  temperature  change. 

explicit  forms  of  and  are  d-  rived  in  the  Appendix. 

Equation  (5)  can  be  recast  into  a  more  convenient  form  which  is  valid  for 
'  elastic  and  plastic  loading  cases . 


e  ,  .  =  M ,  a , 

~  ( r )  ~(r)  - ( r )  - ( r  > 
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f  for  fibers  and  m  for  matrix) 


Mef  +  mP 


.  T  .eT  .pT 
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Substituting  the  constitutive  relation  (8)  into  equation  (•'•*),  and  making 

,1  ,  . , .  ,  .  .  ,  ( f  )  ,  .  ( m )  _  ,  ( m ) 

ot  equations  (1)  and  (2)  to  eliminate  do..  and  do..  except  tor  do,, 

i  -  ij  lj  1  1  1 

resulting  form  is.  after  rearranging  the  terms. 
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Net-:-  that  M:  f  °r  m)  .  i  =  1,  2,  3,  4,  3,  6,  are  the  first  row  components  of  the 

(.(form),..  .  ,  .T  . 

matrix  M  defined  by  equation  (9).  and  e  ^  ^  Qr  ^  is  the  first  component 

of  the  vector  e  ,  ,.  .  defined  bv  equation  (10). 

-(form)  '  n 

Now.  equations  (1)  and  (11)  enable  us  to  relate  the  matrix  stress 

::  .  reme-nt  a  s  to  the  ove  rall  composite  stress  increment  a  and  the  temperature 


(m)  0(m)  (in'!  Dt,m)  _(m)  D(m) 


B i  i  B12  Bjj  B|7  B 


15  “16 


1  0 


0  0  1  0  0  0 


0  0  0  1  0  0 


0  0  0  0  1  0 


0  0  0  0  0  1 


%>  -  i  bim>  0  0 


0  0 


Naturally,  one  can  expect  a  similar  relationsnip  to  exist  for  fibers, 


2(f)  §(f)  2  +  5(f) .  (1‘ 

Fcr  a  binary  material  system,  the  local  averages  and  overall  stress  and  strait 
ir.:rements  are  related  bv 


a  =  c  a  .  .  +  c  j.  a  ,  c. 
m  -(m)  f  -(f)  , 
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Substituting  equations  (13)  and  (14)  into  equation  (15),  one  finds  the 
f- blowing  two  relations, 
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re  I  is  a  6x6  idenfitv  matrix  and  0  is  a  6x1  null  vector.  Thus,  B  and 

~  '  —  —III 

can  be  found  easily  once  B,  .  and  b,  ,  are  known. 

~(m)  ~(m) 
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Finally,  if  one  writes  the  macroscopic  composite  s t 1 es s - s t ra i n  relations 
the  usual  manner 


=  M  a  + 


.T 


9) 


and  note  that  with  the  help  of  equations  (8),  (13), 

be  rewritten  in  a  form  comparable  to  equation  (19) . 

T 

compliances  M  and  e  can  be  identified  as 


and  (14).  equation  (16)  can 
Hence,  *~he  composite 
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In  the  case  of  pure  elastic  deformation  of  either  phases,  equations  (20) 

and  (21)  are  still  applied  providing  that  the  compliances  of  the  elastically 

deformed  phase  or  phases  be  set  to  zero.  This  is  equivalent  to  letting  = 

*  in  equations  (A-13)  and  (A-14)  in  the  Appendix. 

Equations  19  to  21  completely  describe  the  instantaneous  thermomechanical 

stress-strain  relations  of  the  MT  composites.  However,  despite  the  simplicity 

T 

or  the  mathematical  expressions,  the  compliances  M  and  e  have  to  be  evaluated 

numerically  from  equations  (20)  and  (21).  Because  the  plastic  compliances  of 

T 

the  phases,  M/r.  .  ,  k  ,  ,  as  well  as  the  factors  B/r.  .  and  b.j-  .  are 

r  - ( f , m)  -  ( f , m)  ~(f,m)  ~(f,m) 

dependent  upon  the  unknown  stress  averages  of  the  phases  at  the  final  stress 
state . 


ANALYSIS  OF  LAMINATED  MT  COMPOSITES 

As  noted  previously,  a  computer  code  "EPLAM"  was  developed  earlier  by  MSC 
staff  to  perform  incremental  elastoplastic  stress  analyses  of  laminated  plates 
.  To  analyze  laminated  MT  composites,  the  extended  YFD  model  derived  in  the 
•:  vious  section  was  programmed  into  a  subroutine  that  could  provide  the  mr-in 
r r: gram  "EPLAM”  with  the  instantaneous  stress- strain  relation  of  each  micro- 
r  r ucturally  toughened  lamina.  E P LAM  was  then  able  to  perform  a  nonlinear 
Ifinate  analysis  to  determine  the  overall  behavior  of  a  laminated  MT  composite 
elate. 
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The  significance  of  this  analysis  is  that  it  not  only  gives  us  the  abilitv 
‘  :  heal  with  laminated  MT  composites  which  is  expected  in  the  future  plan  of 
material  development,  but  also  provides  us  with  a  convenient  tool  to  analyze  a 
MT  composite  with  sparsely  populated  toughening  tubes.  In  this  case,  the  MT 
composite  can  be  idealized  as  a  system  of  alternating  layers  of  toughening 
tubes  and  particulate  reinforced  region  (fig.  2b). 

MC DELING  OF  IMPACT  DAMAGE  AND  WORK  OF  FRACTURE 

The  high  fracture  toughness  is  the  most  important  advantage  that  the  MT 
composite^  have  over  the  conventional  particulate  reinforced  metal  matrix 
composites.  The  impact  energy  absorption  data  of  the  MT  composites  were 
obtained  in  [5]  by  conducting  a  series  of  instrumented  Charpy  impact  tests. 

The  shape  and  dimensions  of  the  MT  composite  specimens  used  in  the  test  are 
shown  in  Figure  3.  A  detailed  description  of  the  testing  procedure  can  be 
fcund  in  [  5  ]  . 

The  impact  energy  absorption  data  of  SiCp/6061  Al  based  MT  composites  are 
tabulated  in  Table  2  which  includes  three  different  toughening  approaches, 
namely,  (1)  SiCp/6061  Al  rods  toughened  by  continuous  6061  Al  region  (fig.  4a), 
(~  SiCp/6061  Al  continuous  region  toughened  by  6061  Al  tubings  (fig.  4b),  (3) 

SiTp/6061  Al  continuous  region  toughened  by  CP  titanium  tubings  (fig.  4c). 

Table  2  clearly  indicates  that  changing  the  material  composition  as  well 
as  varying  the  geometric  shapes  and  dimensions  of  the  toughening  region  can 
have  profound  effects  on  the  impact  damage  absorption  capabilities  of  the  MT 
composites.  Therefore,  modeling  effort  should  account  for  both  the  material 
properties  and  the  geometric  details.  This  is  in  contrast  to  the  usual 
practice  of  modeling  fibrous  composites  in  which  the  geometric  details  other 
than  the  volume  fractions  of  the  phases  are  ignored.  To  make  the  matter  even 
rrmme  complicated,  the  impact  damage  is  dynamic  in  nature  and  there  is  no  doubt 
that  the  modeling  of  dynamic  effects  on  elastoplastic  heterogeneous  materials 
1  entail  tremendous  difficulties. 

In  this  studv.  we  have  chosen  a  different  approach.  We  have  made  an 
attempt  to  find  a  quantitative  criterion  for  whether  or  not  the  toughening 
::  r  thanism  could  become  operative  during  impact  damage  process.  We  believe  that 
this  criterion  will  be  essential  in  achieving  a  successful  MT  composite  design 
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such  that  the  toughening  effects  provided  by  the  toughenir.r  region  materials 
car.  be  fully  utilized.  The  treatment  is  by  no  means  rigor'  :s  but  it  has  the 
arkantage  of  producing  a  quantitative  criterion  in  terms  c:  the  material  and 
Zt c metric  variables  of  the  MT  composites.  This  modeling  attempt  will  be 
described  next. 

An  extremely  simple  case  of  a  simply  supported  composite  beam  under 
plastic  collapse  load  is  considered  in  Figure  5a.  Recall  that  both  phases  of 
the  MT  composite  are  ductile  materials,  therefore,  the  collapse  load  as 
calculated  by  plastic  limit  analysis  of  beams  can  be  written  as  [11]: 


2M  /  £. 

y 


(22) 


2  is  one -half  of  the  beam  span,  and  M  is  the  yield  moment  which,  if  both  the 

y 

reinforced  and  toughening  regions  are  uniformly  distributed  over  the  cross- 
sectional  area,  can  be  calculated  as: 


M 


ab 1  ,  (r)  (O, 

U  '(r)  ult  (t)  ult  ’ 


(23) 


wr.  ere 


a,b  =  dimensions  of  the  cross-sectional  area  as  shown 
in  Figure  5b, 


V 


(r), 


=  volume  fractions  of  the  reinforced  and  toughening 
regions,  respectively. 


the  material  ultimate  strengths  of  the  reinforced 
and  toughening  regions,  respectively. 


It  should  be  noted  that  in  this  section  the  indices  (r)  ar.i  (t)  are  used  to 
denote  the  reinforced  region  and  the  toughening  region,  respectively. 

Assuming  the  final  failure  occurs  when  the  mid-span  deflection  of  the  beam 
retches  a  maximum  value  A.  then,  the  energy  absorbed  bv  the  beam  up  to  the  time 
ot  failure  is  equal  to  the  external  work  done  bv  the  collapse  load.  i.e.  . 
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•  A 


W  = 


c  lp 


(  2U ) 


The  principle  assumption  in  this  treatment  is  that  we  assure  the  same  beam  will 
have  absorbed  the  same  amount  of  energy  at  failure  should  it  be  subject  to 
impact  loads.  At  present,  there  is  no  experimental  evider.:e  available  to 
support  or  dispute  this  assumption.  However,  by  judging  from  the  fact  that  the 
strength  of  most  structural  materials  increases  at  high  strain  rates,  the  MT 
composites  possibly  can  absorb  more  energy  in  impact  than  in  static  loads. 

As  a  first  order  estimate  of  the  maximum  beam  deflection  A  at  mid-span,  we 
adopt  the  strain-deflection  relation  that  can  be  derived  from  an  elastic 
deflection  curve,  i.e., 


f 

max 


at  center  (z=0) . 


(25) 


Making  use  of  equation  (25),  one  can  define  two  limiting  mid-span  deflections, 


A,  = 


dr)  / 

max 


A2  =  e(t)  /  (^2) 
2  max  '  21 


(26) 

(27) 


where  and  are  the  tensile  failure  strains  of  the  reinforced  and 

max  max 

toughening  region  materials,  respectively. 

It  can  be  understood  that  is  the  mid-span  deflecti:n  at  which  the 
outermost  reinforced  region  material  begins  to  fail,  and  L-  is  the  mid-span 
deflection  at  which  the  outermost  toughening  region  materiel  begins  to  fail. 

for  MT  composites,  the  outermost  reinforced 
At  this  initial  stage  of  failure,  the  energy 


( 2  8 ) 


Since  is  always  true 

max  max  7 

region  material  will  fail  first, 
absorbed  bv  the  beam  is 


Wj  =  F  . 

1  c  lp 
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Next,  we  should  investigate  how  the  initial  failure  c : 
region  could  affect  the  integrity  of  the  outermost  tougher: 
A  schematic  representation  of  this  interaction  between  th-" 
shewn  in  Figure  6.  If  two  regions  are  totally  disbonded  as 
the  failing  of  reinforced  material  can  result  in  a  elastic 

(  -jr  ) 

reinforced  region  will  shrink  by  an  amount  equal  to  a  ,  i-Z 
°  J  n  ult 

shrinkage  is  toward  the  end-support  of  the  beam  and  it  does 

toughening  region  to  go  along  because  the  two  regions  are  t 

However,  if  the  two  regions  are  bonded,  an  interfacial 

develop  over  a  distance  1*0  along  the  interface  (fig.  6b). 

shear  zone  can  be  determined  by  a  simple  shear  lag  model  ar. 

shear  stress  in  the  shear  zone  is  uniform  and  is  equal  to  r 

to  match  the  axial  displacements  U,  .  and  U.  .  at  z  =  fo,  or.e 

F  (r)  (t) 


the  reinforced 
ng  region  material, 
e  two  regions  is 
shown  in  Figure  6a, 
unloading  and  the 

,  .  .  This  motion  of 

(r) 

not  drag  the 

otally  disbonded. 

shear  zone  wi 1  1 

The  length  of  the 

d  by  assuming  the 

If  one  chooses 
s 

has 


vr.ere 


(r) 


7(r) 

ult 


r  Sio  ,  „  .  . 
_S _ ,  (l-lo) 


u 


(t) 


r  Sio 
A(t) E(r ) 


(r)  (r) 

(i-io)  , 


(29) 


:  perimeter  of  the  interface  boundary 


A(r)’  A(t  : 

areas  of  the  reinforced  and 
toughening  regions,  respective!; 


cross-sectional 


Equating  U  with  U(t)  gives 


V, 


C7(r)  E 

io  .  fait  (^£e1  +  l£tl}-i 

Cr  'E,  ,  V.  .' 
s  (t)  (r) 


ere 


S  /  A 


(t)  • 


(30) 


(31) 


rplified  expressions  of  C  for  three  simple  cases  can  be  found  in  Figure 

\ce  io  can  not  be  exceeding  i.  therefore,  io  is  the  mir.i.r.um  value  of  the  two. 
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(3  2) 


o(r) 

Ho  =  Min.  f '  ~ 

-  C  r 

s 

Consequently,  the  interfac 
shorten  by  an  amount  equal  to 


J. 

E(t,  V)  ' 


ial  shear  stress  causes 


toughening  region  to 


Cr 

Ai  =  r-*  [Ho(H 
E(t) 


(33) 


To  maintain  the  integrity  of  the  toughening  region,  an  additional  plastic  flow 
must  be  generated  in  the  toughening  region  material  in  order  to  compensate  for 
this  shortening.  Since  for  z>Ho ,  the  toughening  region  will  be  unloaded  back 
to  elastic  state  by  the  interfacial  shear  stress,  the  plastic  flow  can  occur 
only  within  the  0<z<-?o  segment.  The  average  plastic  strain  increment  within 
this  segment  is  thus 


Ae(t)  =  AH/Ho 
P 


Cr  i 
s 


*(t) 


Cr  H 
s 


2E 


V(r)  ult 


2<V)E(r)+  V)E(t)> 


(t) 


Ho  <  H 


Ho  =  H 


(34) 


It  is  now  clear  that  the  initial  failure  of  the  outermost  reinforced 
region  material  would  result  in  an  additional  plastic  strain  increment,  i.e., 
in  equation  (34),  in  the  outermost  toughening  region  material. 
Consequently,  the  toughening  region  material  could  fail  at  once  if 


€(r)  +  *  «<*>. 
max  p  max 


(35) 


If  this  is  the  case,  the  beam  will  fail  when  the  outermost  reinforced  region 
material  starts  to  fail  and,  therefore,  no  toughening  effects  can  be  realized. 

T.'.e  fracture  energy  of  the  beam  in  this  case  is  equal  to  ".  (equation  28). 

On  the  other  hand,  the  beam  will  continue  to  deform  if  the  toughening 
region  is  able  to  withstand  this  additional  straining,  i.e.. 


e 


(r) 

nielX 


+  Ae 


(t) 

p 


<  e 


(t) 

max 


(36) 
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But ,  instead  of  reaching  a  mid-span  deflection  A2  as  calculated  by  equation 
(2"'!,  the  outermost  toughening  region  material  will  fail  when  the  mid-span 
deflection  of  the  beam  reaches 


A  -  (£ 


(t) 


a‘pC,>  / 


,3b 
1  2 
2i 


The  fracture  energy  of  the  beam  in  this  case  is  then 


(37) 


W  =  F  .  •  A,  (38) 

clp 

where  A  is  given  by  equation  (37). 

Equation  (36)  is  the  criterion  for  toughening  mechanism  to  become  active 
during  impact  damage  process.  If  it  does  become  active,  the  fracture  toughness 

of  the  MT  composite  will  increase  from  Wx  (equation  28)  to  W  (equation  38). 

STRUCTURAL  COMPONENT  SELECTION 

Two  structural  components  were  identified  as  possible  designs  that  can  be 
improved  through  the  use  of  MT  composites.  The  selection  was  based  upon  a 
survey  of  structural  components  that  are  of  interest  to  SCI ,  and  also  upon 
interviews  with  SDI ,  ONR  and  UTRC  personnel.  These  selected  structural 
components  are  a  submarine  hull  and  the  lower  longeron  for  the  Supportable 
Hybrid  Fighter  Structure  (SHFS). 


Aircraft  Longeron 

The  lower  longeron,  shown  in  Figures  8  and  9,  is  part  of  a  fighter 
aircraft  fuselage  which  is  located  immediately  forward  of  the  wing  carry- 
through  structure.  It  is  loaded  primarilv  by  fuselage  bending  and  is  designed 
tc  meet  limit  load  requirements,  ultimate  load  requirements,  and  a  specified 
fatigue  lifetime.  The  component  geometry  and  loading  cor.diti«  s  -..'ere  provided 
bv  General  Dvnamics,  Fort  Worth  Division. 
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The  present  design  calls  for  the  structure  to  be  made  from  homogeneous 
SIT  Al  material.  This  may  prove  to  be  an  attractive  applicant  for  MT 
composites  because  of  the  life  time  requirements  and  the  fact  that  it  is  a 
relatively  large  component.  The  preliminary  design  of  this  component  will  be 
discussed  later. 

Submarine  Hull 

Another  area  of  current  Navy  research  has  focused  on  the  application  of 
composite  materials  to  submersible  structures.  These  structures  can  be 
classified,  by  loading  environment,  as  pressure  hull  and  non-pressure  hull 
structures.  Both  classes  of  structure  are  subjected  to  a  seawater  environment, 
however  the  pressure  hull  structure  defines  the  water  tight  envelope  and  must 
support  the  external  pressure  induced  by  submergence.  Candidate  pressure  hull 
materials  must  have  a  very  high  modulus  to  preclude  elastic  stability  failures. 
Graphite  epoxy  materials  are  emerging  as  the  leading  candidate  for  composite 
submersible  pressure  hull  applications. 

Non-pressure  hull  structures  are  f ree - flooding  or  water  backed  structures 
subjected  to  working  loads  other  than  submergence  pressure.  These  structures 
provide  support  for  external  propulsion  and  sonar  systems,  and  sene  as  ballast 
tar.k  (bow  and  stern)  structures.  This  class  of  structure  also  includes  the 
hydrodynamic  appendages,  or  bow  and  stern  steering  and  diving  planes. 

Mic rostructurally  toughened  SiC/Al  composite  materials  may  be  a  high  pay-off 
candidate  for  non-pressure  hull  structure  applications. 

Non-pressure  hull  structures  have  traditionally  been  designed  to  include 
the  effects  of  post-yield  strength  of  the  material.  The  high  yield  strength 
and  excellent  ductility  of  the  microstructurally  toughened  SiC/Al  composites 
make  these  materials  very  attractive  for  non-pressure  hull  applications. 

'.-.'eight  is  a  major  design  constraint  because  of  the  location  (at  the  extreme  for 
sr.c  aft  ends  of  the  submersible)  of  non-pressure  hull  structures.  The  low 
density  of  the  SiC/Al  composite  (less  than  half  of  that  of  steel)  would  result 
in  a  structural  weight  reduction  which  could  translate  to  increased  equipment 
:,w  load.  speed  or  diving  depth.  Maintainability  is  a  paramount  concern  in  the 
'-.-.'.last  tank  area,  therefore  the  non-corrosive  nature  of  Sic  is  a  distln^v. 
advantage  over  steel.  The  non-magnetic  signature  of  SiC  would  also  be  a 
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ber.-.  fit  if  acoustic  detectability  or  stealth  were  a  consideration  <  i .  e . 
cctbatant  submarines). 
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RESULTS 


The  results  presented  here  include  discussions  of  the  material  properties; 
the  predictions  of  stress  -  strain  constitutive  relations;  the  analvses  of 
laminated  MT  composites;  the  estimations  of  impact  damage  and  work  of  fracture; 
the  optimization  of  impact  damage  resistance;  and  the  initial  results  of  the 
preliminary  design  for  the  SHFS  lower  longeron. 

MATERIAL  PROPERTIES 

The  base,  material  for  the  MT  composites  studied  in  this  report  is  the  SiC 
particulate  reinforced  Al  6061  material.  Three  toughening  approaches  were 
investigated  in  this  report  (see  Figure  4).  They  are:  (1)  a  continuous 
aluminum  6061  toughening  region,  (2)  aluminum  6061  toughening  tubes,  and,  (3) 

C?  titanium  toughening  tubes.  The  properties  of  each  individual  material  were 
obtained  in  [5]  by  tensile  testing.  It  should  be  noted  that  prior  to  tensile 
testing  heat  treatment  and  consolidation  were  applied  to  the  precursor 
materials  in  the  identical  manner  as  in  the  extrusion  process  of  the  MT 
ccr.posites . 

A  summary  of  the  material  property  data  was  provided  in  [5]  and  has  been 
reproduced  here  in  Table  1.  Note  that  there  are  three  SiCp/Ai  6061  materials 
ir.  Table  1.  They  differ  in  the  volume  fractions  of  SiC  particles  and  also 
differ  in  the  way  that  they  were  fabricated.  The  specific  compositions  and 
germetries  of  the  MT  composites  studied  in  this  report  are  tabulated  in  Table 
2.  The  Table  shows  a  total  of  8  MT  composites,  and  each  material  has  been 
designated  a  material  number.  For  simplicity,  the  individual  MT  composite  will 
be  referenced  by  its  designated  number. 

ST? ESS -STRAIN  CONSTITUTIVE  RELATIONS 

The  extended  VFD  model  was  used  to  calculate  the  axial  stress-strain 
relations  of  the  MT  composites.  For  simplicity,  the  nonlinear  stress-strain 
b  e'-  aviors  of  the  constituents  were  idealized  by  using  an  elastic-linear  strain 
hardening  law  which  could  be  represented  by  a  bilinear  curve  as  the  one  that  is 
s  1. : wn  in  Figure  10. 
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Figures  11  and  12  are  the  predicted  axial  s tress  -  s tra in  curves  of  the  No. 

2  and  No.  4  MT  composites.  Both  materials  apparently  failed  when  the 
reinforced  region  materials  reached  their  respective  maximum  strains. 

Therefore,  the  tensile  strengths  of  both  MT  composites  did  not  benefit  from  the 
presence  of  toughening  region  material  which  was  Al  6061  in  both  cases.  This 
is  probably  due  to  the  fact  that  Al  6061  has  lower  tensile  strength  than  the 
SiCp/Al  6061  material.  Hence,  when  the  relatively  brittle  SiCp/Al  6061  started 
to  fail,  the  load  transferring  process  simply  overstressed  the  remaining  Al 
6C61  material. 

It  is  reasonable  to  assume  that  in  order  to  improve  the  ductility  and 
static  tensile  strength  of  MT  composites  one  has  to  select  a  toughening  region 
material  which  has  higher  tensile  strength  than  the  reinforced  region  material. 
A  good  example  is  the  CP  titanium  toughening  tubes  that  were  used  in  the  Nos. 

6.  7  and  8  MT  composites.  It  can  be  seen  from  Table  2  that  the  failure 
strengths  and  strains  of  these  three  MT  composites  all  showed  improvement  over 
the  corresponding  values  of  the  reinforced  region  material  which  was  the  UTRC 
fabricated  SiCp/Al  6061  material.  In  fact,  the  impact  damage  absorption 
capabilities  of  MT  composites  will  also  be  enhanced  by  using  toughening 
materials  which  have  higher  tensile  strengths.  This  will  be  discussed  in  more 
detail  later. 

The  influence  of  interfacial  bonding  strength  on  the  tensile  strength  of 
the  MT  composites  can  be  observed  from  Table  2  as  well.  Both  No.  2  and  No.  3 
MT  composites  had  samples  prepared  by  different  surface  treating  methods.  The 
acid  cleaning  method  was  used  to  promote  strong  interfacial  bonding  while  the 
acid  cleaning  plus  debonding  agent  was  used  to  promote  weak  interfacial  bonds. 
The  samples  with  strong  interfacial  bonds  were  shown  to  have  slightly  higher 
tensile  strengths  and  tensile  failure  strains. 

The  indication  is  that  strong  bonding  allows  for  stress  transferring 
process  to  be  carried  out  more  efficiently  in  a  cracked  MT  composite  system. 

The  bridging  effect  works  in  the  same  manner  as  in  the  case  of  fiber  reinforced 
'■posites  containing  matrix  cracks.  However,  the  effect  is  quite  small  in  the 
c _ ; e  of  MT  composites  where  the  ultimate  strengths  of  the  constituents  are  not 
t"  at  much  different.  Consequently,  a  detailed  study  of  this  effect  was 
eviluded  from  the  limited  Phase  I  work  plan. 
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Figure  13  is  the  predicted  axial  shear  s t re s s - strain 
MT  composite.  No  experimental  data  point  was  plotted  wit: 
there  is  no  data  currently  available.  This  illustrated  t: 
rr.arerial  modeling  because  unavailable  material  properties 
estimated.  In  addition,  the  effects  of  alternate  material 
fractions  can  also  be  evaluated  with  ease  by  material  mode' 

For  MT  composites  with  low  concentration  of  toughenim 
be  a  considerable  amount  of  reinforced  region  material  gat: 
adj acent  tubes.  An  incremental  laminate  analysis  was  mace 
with  this  situation  (see  Figure  2b).  On  the  other  hand.  :: 
also  be  approximated  by  a  single  cylindrical  assemblage  bm 
such  that  all  the  reinforced  region  material  can  be  accorm 
enlarged  tube. 

These  two  different  approaches  were  used  to  analyze  t: 
strain  behavior  of  the  No.  6  MT  composite.  But,  instead  :: 
volume  fraction  of  the  toughening  tubes,  a  lower  volume  fr= 
selected  to  better  represent  the  case  of  low  volume  concert 
tubes.  Figure  14  shows  that  axial  stress  -  strain  curves  fr¬ 
app  roaches  do  not  have  significant  differences.  This  iir.pl: 
analysis  is  not  needed  if  the  No.  6  MT  composite  has  more  : 
fraction  of  toughening  tubes.  However,  this  conclusion  mi; 
MT  composites  with  different  material  compositions. 
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LAMINATED  MT  COMPOSITES 


As  shown  previously,  the  laminate  analysis  has  given,  us  a  tool  to  deal 
with  MT  composites  which  might  have  low  volume  concentration  of  toughening 
tubes.  In  addition,  this  analysis  also  gives  us  the  ability  to  analyze 
laminated  MT  composites.  Figure  13  shows  the  comparison  ietween  three 
different  laminations  of  the  No.  2  MT  composite.  The  very  much  isotropic 
:  mure  of  the  No.  2  material  renders  the  similarity  of  all  three  axial  stre-u-  - 
strain  curves. 

It  appears  that  there  is  very  little  to  gain  bv  laminating  the  MT 
ctmposites.  However,  as  will  be  discussed  in  the  following  section,  the  impact 
carnage  resistance  of  MT  composites  can  be  improved  by  having  a  weaker  bonding 
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-• :  veen  the  reinforced  and  toughening  region  materials.  It  is  expected  that  a 
v •;  ,i k e r  interfacial  bonding  can  severely  degrade  the  transverse  properties  of 
tr;  MT  composites.  Therefore,  lamination  could  veil  be  a  viable  method  for 
c  -  mpensat ing  this  degradation  and.  thus,  allowing  for  the  construction  of  a 
high  impact  energy  absorbing  MT  composite  without  sacrificing  the  integrity  of 
its  transverse  properties. 

ANALYSES  of  impact  damage  and  work  of  fracture 

A  crude  model  for  estimating  the  impact  damage  absorbing  capability  of  MT 
composites  was  developed  in  the  Approach  section.  The  initial  goal  was  to 
identify  a  quantitative  criterion  for  whether  or  not  the  toughening  mechanism 
could  become  operative  during  impact  damage  process.  Equation  (36)  was  found 
to  be  such  a  criterion.  If  the  criterion  is  satisfied,  the  MT  composite  will 
attain  a  fracture  toughness  which  can  be  calculated  from  equation  (38), 
otherwise  the  fracture  toughness  will  be  given  by  equation  (28). 

However,  the  application  of  equation  (38)  requires  a  knowledge  of  the 
ir.terfacial  shear  strength  r  .  Since  is  unknown  at  present  time,  it  can 
or.Iy  be  estimated  by  a  data  correlation  procedure. 

The  procedure  is  straightforward.  By  assuming  r ^  varies  from  0  to  30  ksi. 
the  corresponding  fracture  toughness  can  be  computed  either  from  equation  (38) 
or  from  equation  (28).  A  representative  can  then  be  estimated  by 
correlating  the  experimentally  measured  toughness  data  with  the  calculated 
tcughness - Interfacial  shear  strength  curve. 

Figure  16  shows  a  typical  toughness  -  inter f ac i a  1  shear  strength  curve.  The 
material  involved  is  the  No.  1  MT  composite.  This  curve  indicates  that  for  an 
ir.terfacial  shear  strength  greater  than  5  ksi,  initial  failure  of  the 
reinforced  region  material  in  this  MT  composite  will  always  overstrain  the 
toughening  region  material  to  failure  at  the  same  time.  In  this  cast,  the 
t  uehening  region  material  will  be  unable  to  increase  the  toughness  of  the  MT 
"  terial.  On  the  other  hard,  if  ’  n*'  erf  i  • :  cV  r  •*  strength  c.v  b<  brought 

r. :  ti  to  below  3  ksi,  then,  the  toughening  region  will  start  to  make  its 
t.'.-sence  shown  bv  increasing  the  toughness  up  to  a  max  i  if  in.  value  of  .  >  ft -lbs. 

A  toughness  of  3.9  ft-lbs  was  treasured  tor  this  material.  This  value  i* 
e-  in  lower  than  the  lowest  prediction  in  Figure-  16  which  is  slight!'--  higher 
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-.a  10  ksi  .  This  low  toughness  was  probably  due  to  the  notch  effect  that  can 
a-  a  direct  consequence  of  the  prenotched  specimen.  Since  the  impact  damage 
“del  does  not  account  for  notch  effects,  the  onlv  meaningful  conclusion  that 
v;  can  draw  from  this  data  correlation  is  that  the  actual  interfacial  shear 
strength  was  greater  than  5  ksi.  Thus,  when  the  reinforced  region  material 
failed  prematurely  due  to  notch  effect,  the  overstraining  brought  the 
toughening  tubes  to  fail  simultaneously. 

Figures  17  and  18  show  the  data  correlation  results  for  the  No.  2  and  No. 
:  IT  composites.  Note  that  there  were  two  toughness  data  points  measured  for 
each  of  these  two  MT  composites.  The  pair  of  higher  toughness  values  were  the 
result  of  a  weaker  interfacial  bonding  for  which  a  debonding  agent  was  applied 
veer  the  SiCp/6061  Al  rod  surfaces  before  the  MT  composites  were  fabricated. 

In.  relation  to  the  higher  toughness  values,  an  interfacial  shear  strength  of 
2.5  ksi  can  be  identified  from  both  figures.  However,  the  pair  of  measured  lo 
toughness  data  are  again  lower  than  the  lowest  predictions  on  both  figures. 

The  two  conclusions  which  can  be  drawn  from  Figures  1*  and  18  are: 

(1)  Without  debonding  agent,  the  interfacial  shear  strengths  were  higher 
than  5  ksi  in  both  cases.  Therefore,  when  the  reinforced  region 
failed  prematurely  due  to  the  notch  effect,  they  brought  the 
toughening  regions  and  the  MT  composites  to  fail  at  the  same  time. 

(2)  By  applying  the  debonding  agent,  the  interfacial  shear  strength  was 
brought  down  to  2.5  ksi.  Due  to  this  weaker  bonding,  the  toughening 
mechanism  was  allowed  to  be  operative  after  the  initial  failure  of 
the  reinforced  region  material  had  occurred.  The  result  was  a  much 
improved  fracture  toughness  for  each  material. 

When  applying  the  same  data  correlation  scheme  to  other  MT  composites,  th 
additional  remarks  can  be  made: 

I  1  )  No.  *  and  No,  MT  compos  i  res  for  which  ‘hr  Al  •  •>]  tub  t  h- 

toughening  region  material,  the  interfacial  she  an  strength  was  i.irht 
than  5  ksi.  Hence ,  the  toughening  mechanism  was  unable  to  become 
operative  and  the  material  as  a  whole  failed  :  the  r«.  in  forced 


region  material  failed  due  to  the  notch  effect  (see  Figures  19  and 

20)  . 

(4)  No.  6  and  No.  7  MT  composites  for  which  the  CP  titanium  tubings  were 
the  toughening  region  material,  the  interfacial  shear  strength  can  be 
found  to  be  7  ksi  in  relation  to  the  measured  toughness  values  (see 
Figures  21  and  22) . 

Note  that  for  the  MT  composites  mentioned  in  the  last  two  remarks,  no 


debonding  agent  was  applied  to  the  tubing  surfaces  to  promote  w.  h  interfacial 
bonding.  Nevertheless,  the  CP  titanium  tubes  were  still  die  to  raise  the 
material  toughness  to  a  higher  level  while  the  Al  6 i  tv1--.  f  i :  1  •  d  to  lend  any 
to  ughening  effects  to  the  reinforced  region  matt  rial.  K<  ■  -.11  ?  *  :  :  ,.r. iuir  tubes 
also  improved  the  static  tensile  strength  of  NT  t  .  •  •  •  1  tubes 

again  failed  to  do  the  same.  It  appears  now  tin,-  ■  *er 

choice  for  the  toughening  region  material. 


OPTIMIZATION  OF  IMPACT  DAMAGE  RESISTANCE 

What  we  have  learned  from  the  previous  data  correlation  study  is  that  our 
crude  model  seemed  to  be  able  to  furnish  reasonable  agreement  with  the  test 
data  providing  hat  the  interfacial  shear  strengths  that  were  estimated  by  the 
model  can  be  validated.  In  addition,  we  also  learned  that  CP  titanium  is  a 
better  choice  for  tougnening  region  material  than  Al  6061.  However,  even  with 
CF  titanium  as  the  toughening  region  material,  further  improvement  of  fracture 
toughness  is  still  possible.  In  the  following  we  will  use  the  No.  6  MT 
composite  as  an  example  to  demonstrate  various  ways  of  improving  its  fracture 
to  ughness . 

After  a  careful  examination  of  equations  (32)  to  (38)  and  a  parametric 
study  of  this  damage  model,  four  possible  ways  of  improving  the  material 
:  •  -ghness  were  identified.  Figure  23  shows  an  improved  fracture  toughness  if 
ere  can  increase  the  Young's  modulus  of  titanium  from  15.5  Msi  to  28  Msi.  The 
reason  for  this  improvement  is  that  a  stiffen  toughening  region  material  can 
reduce  the  additional  plastic  straining  that  is  brought  upon  it  by  the 
it  terfacial  shear  stress  (see  equation  34). 


23 


Figure  24  shows  similar  improvement  of  fracture  toughness  if  one  can 
increase  the  ultimate  tensile  strain  of  the  titanium  from  19%  to  23%.  The 
reason  for  this  improvement  is  that  the  material  can  now  experience  larger 
deflection  before  the  final  failure  occurs  (see  equation  l').  It  is  worthwhile 
tc  point  out  that  the  titanium  alloys  can  be  tailored  to  achieve  higher  Young's 
modulus  on  the  expense  of  a  reduced  ultimate  tensile  strain.  Therefore,  it  is 
possible  to  use  our  model  to  find  the  best  combination  for  these  two  variables 
such  that  the  fracture  toughness  of  the  material  can  be  optimized. 

Aside  from  varying  material  properties,  it  is  also  possible  to  achieve 
higher  fracture  toughness  by  varying  the  geometries.  Figure  25  shows  the 
improved  fracture  toughness  if  one  uses  smaller  but  thicker  titanium  tubes  such 
that  the  tube  volume  fraction  remains  unchanged.  The  use  of  thicker  tubes 
implies  a  smaller  value  for  the  parameter  C  (see  Figure  7a).  A  smaller  C  can 
reduce  the  additional  plastic  straining  which  would  be  brought  upon  the 
:cugiK  ing  region  material  by  the  interfacial  shear  stress  (see  equation  34). 
Therefore,  a  smaller  parameter  C  promotes  higher  fracture  toughness. 

At  the  limit  of  a  smaller  but  thickened  tube,  the  tube  becomes  a  solid 
red.  Figure  26  shows  great  improvement  by  using  solid  CP  titanium  rods  instead 
of  tubes.  The  improvement  can  be  realized  even  when  the  interfacial  shear 
strength  is  higher  than  30  ksi.  It  is  interesting  to  point  out  that  recent 
UTRC  experiments  have  confirmed  this  prediction.  In  their  result  (as  shown  in 
Table  3) ,  1/8  in.  CP  Ti  rods  were  shown  to  have  given  the  MT  composite  higher 
toughness  than  the  1/4  in.  CP  Ti  tubes  could.  This  result  was  achieved  despite 
the  fact  that  the  volume  fraction  of  the  toughening  region  was  only  25%  for  the 
solid  rods  and  30%  for  the  tubes. 

PRELIMINARY  COMPONENT  DESIGN 

Recall  that  the  lower  longeron  for  the  Supportable  Hybrid  Fighter- 
Structure  (SHFS),  as  shown  in  Figures  8  and  9.  was  selected  as  a  potential 
~ t ructural  component  that  can  be  improved  through  the  use  cf  MT  composites.  A 
preliminary  design  of  this  component  will  be  described  next.  The  component 
t -  .  metrv  and  loading  conditions  were  provided  bv  General  Dvnamics.  Fort  Worth 
I  vision. 
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Equation  (Al)  was  used  to  compute  the  ultimate  bending  stresses  at  the  four 
corner  points,  A,  B,  C,  and  D  of  the  component  cross - secti :nal  area  where  the 
maximum  and  minimum  bending  stresses  of  the  beam  were  most  likely  to  occur  (see 
Figure  9).  The  maximum  and  minimum  values  among  the  ultimate  stresses  at  the 
four  corner  points  were  then  selected  as  the  maximum  and  minimum  bending 
stresses  of  the  beam. 

The  shearing  stresses  are  of  secondary  concern.  With  a  simple  assumption 
that  all  of  shear-1  was  resisted  by  the  area  of  the  bottom  flange  and  all  of 
the  shear- 2  was  resisted  by  the  area  of  the  right  hand  flange,  the  maximum 
shearing  stress  of  the  section  was  evaluated  for  each  loading  case.  The 
results  in  Table  5  indicate  that  the  shearing  stresses  are  generally  one  order 
of  magnitude  smaller  than  the  normal  stresses. 

From  Table  5,  the  maximum  tensile  stress  in  the  longeron  is  about  83  ksi 
ar.i  the  maximum  compressive  stress  is  about  101  ksi.  These  strengths  are 
attainable-  with  a  3t>  volume  percent  SiCp/2124  SiCd/Al  comp :  sites ,  reference  12. 
Therefore,  a  discontinuous!’/  reinforced  metal  matrix  composite  can  be  used  to 
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c .'"struct  a  longeron  which  will  meet  the  requirement  of  ultimate  static 
s : rengths . 

As  for  the  fracture  toughness  consideration,  a  toughening  mechanism 
c;  reposed  of  CP  Ti  solid  rods  was  shown  previously  to  have  greatly  enhanced  the 
fracture  toughness  cf  the  discontinuously  reinforced  SiCp  Al  6061  materials. 

Ir.  addition,  the  relatively  large  size  of  the  longeron  beam  will  permit  the  use 
of  larger  CP  Ti  rods.  As  can  be  seen  from  Figure  7b,  the  geometric  parameter  C 
for  toughening  rods  is  inversely  proportional  to  the  rod  diameter.  Therefore, 
increasing  the  size  of  the  rod  will  reduce  the  parameter  C  and  further  increase 
the  fracture  toughness  of  the  material. 

However,  as  far  as  static  strength  is  concerned,  the  ultimate  strength  of 
C7  titanium  is  70  ksi  which  is  lower  than  the  required  strength  of  the 
Itngeron.  Therefore,  even  though  high  strength  SiCp/Al  6161  material  can  be 
obtained  by  increasing  the  volume  fraction  of  the  particulate  reinforcement, 
the  addition  of  CP  Ti  rods  will  decrease  the  material  static  strength  and  might 
even  make  the  material  less  ductile  as  explained  in  the  section  of  stress- 
strain  predictions.  It  appears  now  the  longeron  construction  will  require  a 
new  toughening  region  material  which  should  have  a  strength  of  at  least  100 
k=  i . 

This  example  demonstrated  the  need  for  further  MT  material  development. 
Mere  suitable  toughening  region  materials  have  to  be  identified  and  tested. 

Cr.e  possible  candidate  is  the  titanium  alloy  Ti-6Al-4V  which  has  an  ultimate 
strength  of  163  ksi  at  room  temperature. 
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CONCLUSION'S  AND  RECOMMENDATIONS 


The  results  of  this  Phase  I  study  have  led  to  several  important 
conclusions  regarding  the  material  design  of  MT  composit.s.  This  program 
resulted  in  the  creation  of  an  extended  VFD  material  model  that  was  capable  of 
approximating  the  axial  stress- strain  response  reasonably  well.  The  model  is 
also  capable  of  handling  material  nonlinear  strain  hardening,  temperature 
dependent  material  properties,  and  very  general  loading  path  which  might 
include  thermal  loads.  The  extended  VFD  model  was  further  incorporated  into  an 
existing  MSC  computer  code  which  was  originally  developed  for  elastoplastic 
laminate  analysis.  This  new  software  has  given  us  the  ability  to  analyze 
laminated  MT  composites.  The  program  also  resulted  in  the  development  of  a 
crude  impact  damage  model  which  was  proven  to  be  useful  in  the  understanding  of 
the  effects  of  toughening  mechanisms  at  micromechanics  level.  A  preliminary 
design  example  was  performed  for  an  aircraft  longeron  beam,  and  the  result 
brought  up  the  need  for  identifying  more  high  strength  toughening  region 
materials . 

The  stress  -  strain  data  correlation  has  suggested  the  following  general 
guideline  for  MT  composite  strength  design.  For  higher  ultimate  strength  and 
mere  material  ductility,  the  toughening  region  material  should  have  higher 
ultimate  strength  as  well  as  higher  failure  strain  relative  to  the  reinforced 
region  material.  Strong  interfacial  bond  also  helps  to  raise  the  ultimate 
strength  and  ductility  of  the  MT  composites.  But  the  improvement  is  not 
s i gnif icant . 

For  achieving  higher  impact  damage  resistance,  the  impact  damage  data 
correlation  has  suggested  the  following  guidelines  for  MT  composite  toughness 
design. 

(1  From  the  material  property  aspect,  the  toughening  region  material  should 
Lave  higher  ultimate  strength,  higher  failure  strain,  and  higher  stiffness  as 
c: -pared  to  the  reinforced  region  material. 

i.  From  the  geometry  aspect,  the  form  of  toughening  region  must  ensure  a  small 
gr -metric  parameter  C  (see  Equation  31).  This  implies  that  thicker  tubes  are 
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better  than  thinner  ones;  solid  rods  are  better  than  tubes:  and  larger  rods  are 
better  than  smaller  rods. 

(:  From  the  interfacial  bonding  aspect,  weaker  bonding  promotes  much  higher 

fracture  toughness.  The  improvement  is  so  great  that  the  slightly  decreased 
static  strength  and  ductility  of  the  MT  composites  as  the  results  of  a  weak 
ir.terfacial  bonding  can  be  considered  justifiable. 

The  preliminary  design  of  the  lower  longeron  structural  component  showed 
that  a  discontinuously  reinforced  SiC/Al  6061  material  car.  be  found  to  meet  the 
static  strength  requirements.  However,  an  appropriate  toughening  region 
material  for  the  longeron  structure  was  found  to  require  higher  ultimate 
strength  than  both  aluminum  6061  and  CP  titanium  can  offer.  Therefore,  there 
is  a  demand  for  identifying  additional  toughening  region  materials  with 
ultimate  strengths  no  less  than  100  ksi. 

The  MT  composites  have  many  fascinating  properties  ar.d  a  very  promising 
future.  The  Phase  I  study  assessed  the  merits  of  the  MT  composites  on  a 
micromechanics  level.  Several  recommendations  can  be  made  which  should  be 
considered  for  the  Phase  II  program.  Future  efforts  should  focus  on 
characterizing  the  behavior  of  MT  composites  on  a  structural  level.  This  will 
include,  as  a  minimum,  studies  of  the  effects  of  holes  ar.d  other 
discontinuities,  and  the  effects  of  general  loading  conditions  including  cyclic 
leads.  A  structural  component  will  be  selected.  This  component  might  be  the 
longeron  beam  which  was  selected  in  Phase  I  study,  or  other  more  appropriate 
components.  Detailed  designs  will  be  performed  to  specif;.-  the  structure 
configuration,  material  composition,  the  joining  method  which  will  be  used  to 
attach  the  component  to  the  main  structure  and  finally,  the  fabrication  and 
testing  of  a  subscale  component  to  assess  the  design  methodology. 
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Table  1.  Tensile  Properties  Of  MT  Composite  Precursor  Materials 
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CP  Titanium  15.5  53.3  70.0  19.0  16.1 


Table  2.  Test  Data  For  Various  MT  Composites 
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♦  Acid  cleaning  to  promote  strong  interfacial  bond 

*•  Acid  cleaning  and  debonding  agent  to  promote  weak  interfacial  bond 

#  Solvent  cleaning  also  promotes  strong  interfacial  bond 


Table  3.  Comparison  of  Toughening  Effects  Between  CP  Ti  Rods  And  Tubes 
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Computed  Maximum  Stresses  In  SHFS  Lower  Longeron 

(Ultimate  Static  Loads) 
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Figure  1. 


Schematic  Comparison  Between  Conventional 
and  Micros tructural ly  Toughened  Particulate 
Reinforced  Composites 


reinforced  region 
(analogous  to  fiber) 
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(a)  Stress-Strain  Constitutive  Model 
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'o  ©'©;©/© 

©©.©■€> 


iiiitnji/rim, 


Toughening  tube 
■f  reinforced  region 


(b)  Idealizcition  Of  MT  Composites  With 
Dilute  Concentration  Of  Toughening  Tubes 


Figure  2.  Micromechanical  Models 
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Figure  4.  MT  Composites  Studied  In  Phase  I  Program 


39 


(a)  Beam  Under  Plastic  Collapse  Load 


(b)  Fully  Plastic  Stress  Distribution  On  The 
Cross-Sectional  Area  Of  The  Beam 


Figure  5.  A  Simply  Supported  Beam  Under  Plastic  Collapse  Load 
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Figure  6.  Interaction  Between  Reinforced  And 

Toughening  Regions  During  Impact  Damage 
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Figure  7.  The  Geometric  Parameter  C  for  Particulate  Reinforced  Material  Toughened  by 
(a)  Tubes,  (b)  Solid  Rods,  and  (c)  Continuous  Region. 
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of  SHFS  Lower  Longeron 
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AXIAL  STRESS-STRAIN  CURVE 
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STRAIN  (%) 

Figure  11.  Axial  Stress-Strain  Curve  Of  The  No.  2  MT  Composite 
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Figure  12.  Axial  Stress-Strain  Curve  Of  The  No.  4  MT  Composite 


AXIAL  SHEAR  STRESS-STRAIN  CURVE 


SHEAR  STRAIN  (%) 

Figure  13.  Axial  Shear  Stress-Strain  Curve  Of  The  No. 
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Of  Toughening  Tubes 
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STRAIN  (%) 

Figure  15.  Axial  Stress-Strain  Curve  of  Laminated  No.  2  MT  Composite 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  16.  Impact  Energy  Absorption  Capability  Of  The  No. 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  17.  Impact  Energy  Absorption  Capability  Of  The  No.  2  MT  Composite 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  18.  Impact  Energy  Absorption  Capability  Of  The  No.  3  MT  Composite 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  19.  Impact  Energy  Absorption  Capability  Of  The  No. 
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INTERRACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  20.  Impact  Energy  Absorption  Capability  Of  The  No. 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  21.  Impact  Energy  Absorption  Capability  Of  The  No.  ( 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  22.  Impact  Energy  Absorption  Capability  Of  The  No.  7  MT  Composite 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  23.  Improve  Impact  Damage  Resistance  By  Increasing  The  Stiffness  Of  The 
Toughening  Region  Material 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  25.  Improve  Impact  Damage  Resistance  By  Using  Thicker  Tubes 
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INTERFACIAL  SHEAR  STRENGTH  (Ksi) 

Figure  26.  Improve  Impact  Damage  Resistance  By  Using  Solid  Rods  Instead  Of  Tubes 


appendix 


THERMOPLASTIC  RESPONSE  OF  A  HOMOGENEOUS  SCLID 


Assuming  a  material  is  elastically  isotropic  and  obeys  Mises  yield 
notion  and  Ziegler's  kinematic  hardening  rule  during  plastic  deformation 
-  '  ,  the  yield  function  can  be  written  as 


f  = 


a. . ) (s  .  . 
ij  ij 


a.  .)  -  *2  (T)  -  0 
ij 


( A- 1 ) 


e  re 


s..,  a..  =  the  deviatoric  components  of  a.,  and  a..,  respectively; 
ij  ij  ij  y 

a..  =  current  stress  state; 
ij 

=  current  center  of  yield  surface  in  stress  space; 

/c(T)  =  yield  stress  in  simple  shear,  and  is  assured  to  be  a  function 
of  temperature  T. 

gler's  kinematic  hardening  rule  specifies  the  kinematic  motion  of  the  yield 
•face  during  plastic  deformation  as 


a..  =  ft  (a..  -  a..), 
!J  ij  ij 


(A- 2a) 


in  the  deviatoric  stress  space, 


a..  =  A  (s..  -  a..), 
ij  ij  ij7’ 


(A-2b) 


ere  A  is  to  be  determined  later. 


The  yield  function,  equation  (A-l),  remains  equal  to  zero  during  plastic 
rormation.  Therefore,  the  following  consistency  equation  has  to  be  satisfied 
t never  plastic  deformation  takes  place. 
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f  =  ( 5  f/c*s  .  . )  s  .  .  +  (of/oa.  .  )a.  .  +  ( 6  f /<?«:  )k 
ij  ij  ']  iJ 


(  s .  .  -  a..)(s..  -  a..)  -  2/ck  -  0. 
AJ  ij  ij  ij 


(A-  3) 


:  ,.r  stituting  equation  (A-2b)  for  the  a  _  in  equation  <"  A  -  3 )  and  solving  for  jj, , 
;t.r  obtains 


/t  —  f(s..  -  a..)s..  -  2kk  ] /(  2k7  )  . 
1  lj  ij  ij 


(A-4) 


Nrte  that  the  relation  (s..  -  a..)  (s..  -  a..) 

aj  ij  ij  ij 

also  been  utilized  to  obtain  (A-4) . 


=  2k7,  i.e.,  equation  (A-l),  has 


The  plastic  strain  increment,  from  the  normality  rule,  is 


eK .  =  A  Of/ds.  .)  =  A  (s.  .  -  a.  .)  . 
ij  7  ij'  ij  AJ 


(A-  5 ) 


Tc  determine  A,  we  follow  Ziegler's  assumption  that  the  projection  of  plastic 
strain  increment  on  the  exterior  normal  vector  of  the  yield  surface  and  the 
projection  of  a^  on  the  same  normal  vector  differ  only  by  a  constant  c,  i.e., 


c(3f/3s. . ) e?  .  -  (3f/3s. ,)a. . . 
ij  ij  ij  ij 


(A-  6 ) 


~="rying  out  the  differentiations  and  making  use  of  the  consistency  equation 
A -3),  equation  (A-6)  becomes 


c(s..  -  a..)«?.  =  (s..  -  a..)s..  -  2kk . 

A  J  IJ  IJ  IJ  AJ  IJ 

For  the  case  of  simple  tension  in  Xj  direction,  (A-7)  takes  the  form 


j 3  k) 


magnitude  uf  c  can  now  be  evaluated  by  comparing  (A- 8)  with  the  known 
remental  s tress -plastic  strain  relation  in  simple  tension,  i.e.. 


(A-7) 


(A-  8 ) 


iP  _  I 


=  H  (<?!  l  -  J2>  k) 


(A-  9) 
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re  H  is  the  instantaneous  hardening  parameter.  Thus,  or.e  has 

c  -  2H  /  3.  (A- 10) 

Now,  A  can  be  solved  by  substituting  (A-5)  and  (A-10)  into  (A-7).  The 
result  is 


A  4H/c2  t(Ski  "  ak^)ski  '  2kk]' 


(A- 11) 


Accordingly,  the  plastic  strain  increment  follows  from  (A-5),  with  A  taken  from 
(A- 11)  , 


£?.  =  7TTT  [(s.  „  -  a.  „)s,  „  -  2kk]  (s .  .  -  a..). 
ij  4H/c2  1  ki  ki  ki  1  ij  ij 


(A- 12) 


Equation  (A-12)  can  be  written  in  a  matrix  form  comparable  to  equation 


cP  -  MP  a  +  ePT. 

instantaneous  compliances  and  can  now  be  identified  as 


(7) 


M 


P  _  _JL 


4Hk2 


Symm . 


*  * 
sls2 

ic  k 
2SJS3 

ic  'k 
S]!S4 

ic  ~k 

2s  i  ss 

ic  k 

2SJS6 

~k 

(s2)2 

*  * 

2  s  2  s  3 

ic  ~k 

s2s4 

2s2s3 

2s2s6 

4(sJ)2 

*  * 
2s3s4 

4s3s5 

■k  k 
^  S  3  S  g 

( s  4  )  2 

2s4s5 

2s  4  Sg 

4  (  s  <.  : 

4s5s6 

4(s'g)2 

(A- 13) 
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► 


:PT  - 


3  k 

2Hk 


2s  ^ 


2sc  2s, 


(A- 14) 


vr.c  ro 


[sti 


■  1  2 


’3  3 


S  .  .  =  S  .  . 

1J  1J 


a .  .  . 
1J 


(A- 15) 


* 


V 
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